Olfaction is important in mammals and other animals for foraging, predator avoidance, and communication. However, very little is known about how the physical environment influences the activity of odorants. Many pesticides are organic molecules that appear to behave similarly to odorants of interest to rodent foragers. In this article, the literature on pesticide residues is used to construct a conceptual model of how odorants might behave under different environmental conditions. The primary focus of the model concerns how the environment might affect detection of buried seeds by rodents. The most important environmental variable influencing volatilizing of pesticides from soil is water content of soil. In dry soil, pesticides are adsorbed onto soil particles. However, when soil moisture increases above a monomolecular layer, pesticides desorb and vapor densities increase dramatically. These observations on changes in vapor density of pesticides as soil moisture changes are consistent with experimental data on olfaction in rodents. Other factors that influence pesticide volatilization include relative humidity, temperature, wind, soil characteristics (particle size, organic matter, and bulk density), and burial depth. Limited data suggest that these factors also influence the vapor density of odorants and, therefore, olfaction. The literature on pesticides allows us to make predictions about how animals detect odorants and then test those predictions experimentally.
Detection of air-borne chemical cues (olfaction) plays an important role in animal behavior in situations as diverse as prey detection (Nams 1991 (Nams , 1997 , predator avoidance (Jȩdrzejewski et al. 1993; Nolte et al. 1994; Soltz Herman and Valone 2000) , social interactions (Lazaro-Perea et al. 1999; Molteno et al. 1998; Sillero-Zubiri and Macdonald 1998) , and assessment of resource patches (Reichman 1981; Reichman and Oberstein 1977; Vander Wall 1998) . Granivorous rodents use their sense of smell to locate seeds, including those that get buried in soil and plant litter by abiotic processes (e.g., Chambers et al. 1991) and * Correspondent: sv@med.unr.edu those cached by food-hoarding animals (Vander Wall 2000) .
Our understanding of how rodents use olfaction to find buried seeds is meager; only a handful of behavioral experiments have addressed the question (Howard and Cole 1967; Howard et al. 1968; R. B. Lockard and J. S. Lockard 1971) . What we have learned seems simple and obvious: seeds closer to the soil surface and larger seeds or clusters of seeds are easier to find than deep, small, or single seeds (Reichman and Oberstein 1977; Vander Wall et al. 2003) . Some rodent species seem to have a more acute sense of smell than others (Johnson and Jorgensen 1981; Vander Wall et al. 2003) . Moist soil makes seeds easier to de-tect using olfaction (Johnson and Jorgensen 1981; Vander Wall 1993 , 1995 , and this increased detectability has important implications for how species compete for stored seeds (Leaver and Daly 2001; Vander Wall 1998 , 2000 .
Although the neurological and molecular bases of the olfactory mechanism are fairly well understood (Mombaerts 1999; Mori et al. 1999 ), we do not know what odorants rodents are smelling or how the environment modulates these odors. We have not identified a single odorant molecule that a rodent might use to locate seeds, although some compounds that play roles in predator-prey relations or social interactions have been identified (Humphries et al. 1999; Sullivan and Crump 1986) . However, much effort has been invested in understanding how pesticides behave in the soil environment, and these organic molecules can provide an excellent model for understanding how odorants might interact with soil particles and travel through the soil atmosphere.
In this article, I review 2 recent studies that I performed on rodent olfaction ( Vander Wall 1993 , 1995 and draw on data on pesticide residues in soil to help clarify the meaning of these results. I use the pesticide literature to create a conceptual model of odorant behavior that will help us better understand rodent-foraging behavior as well as olfaction in other contexts. This conceptual model will allow us to derive new predictions, guide future research on the role of olfaction in animal behavior, and provide a better understanding of ecological aspects of olfaction.
ODORANT MOLECULES
The odorants that animals detect while foraging for seeds are volatile molecules, either from the surface of seeds or internal constituents that leach from within seeds and volatilize after they reach the seed surface. These molecules must be sufficiently unique to serve as a good indicator of a filled seed (i.e., not a common constituent of soil organic matter or of decaying plant litter) but are not necessarily the nutritious materials within seeds (e.g., digestible proteins, carbohydrates, or lipids) that animals are ultimately seeking.
Because seeds reside in soil, they exchange water with the surrounding environment. The direction and rate of water movement are determined by the difference in water potential between seed and soil and the impedance of water flow between them. In dry soils, water content of seeds is also low, and under these conditions there is virtually no movement of organic molecules from the seed to the soil. But when the soil becomes moist, seeds begin to imbibe water. In the laboratory, this imbibition can cause cells to rupture, releasing intracellular substances. This causes a ''leakage'' of materials from within seeds into the surrounding medium (Duke et al. 1983; Häggquist et al. 1984; Simon and Raja Harun 1972; Spaeth 1987 Spaeth , 1989 . The causes of this leakage include passive diffusion (Duke et al. 1983; Powell and Matthews 1981) and pressure-driven bulk flow (Spaeth 1987 (Spaeth , 1989 ) of intracellular substances. The pressure-driven extrusion of materials appears to be the result of high pressure created by water entering cells because of high matric potential, causing water and solutes to be forced out from seeds to the surrounding medium. Leakage of materials continues as seeds dry out (Becwar et al. 1982 ) but apparently stops when seeds become dry. The material that leaks from seeds is complex, containing substances ranging from electrolytes to low-molecular-weight solutes, organic acids, amino acids, proteins, macromolecules, protein bodies, and starch grains (Spaeth 1987 (Spaeth , 1989 . Presumably, similar substances are lost from intact seeds under field conditions.
FACTORS THAT INFLUENCE ODORANT VAPOR DENSITIES
Soil moisture.-Rodents have difficulty detecting buried seeds when the soil is dry but have higher foraging success when the soil is moist (Dice 1927; Johnson and Jorgensen 1981) . I tested this idea on 3 rodent species (deer mouse, Peromyscus maniculatus; Great Basin pocket mouse, Perognathus parvus; and yellow pine chipmunks, Tamias amoenus) foraging for the seeds of 3 palatable plants (antelope bitterbrush, Purshia tridentata; Indian ricegrass, Oryzopsis hymenoides; and lodgepole pine, Pinus contorta) in a laboratory arena containing sand (3 cm deep-Vander Wall 1995). The arena was divided into 2 compartments. One compartment contained airdried sand, and the other compartment contained moistened sand. Seeds buried in the moistened sand absorbed water rapidly. Collectively, subjects (5 individuals of each species) found 449 of 450 caches (99.8%) in the compartment with moistened sand but only 50 of 450 caches (13.3%) in the compartment with dry sand.
The results from the above experiment suggest that when seeds imbibed water, they released odorant molecules that rodents could detect at the soil surface. A more thorough understanding of these results can be gained by considering the behavior of dieldrin residues in soil . Dieldrin is a weakly polar organochlorine pesticide. When soil is dry (2.1% water), the relative vapor density of dieldrin in the soil atmosphere is very low at all dieldrin concentrations. Similar results have been obtained for other pesticides Taylor and Spencer 1990) . However, the relative vapor density of dieldrin increases rapidly at water contents of 3.9% and 10%. At 10% soil moisture, for example, vapor density increased linearly with concentration until a saturation vapor density was reached at a dieldrin concentration of only 25 ppm. Relatively high moisture levels cause pesticides to desorb from soil particles and enter the soil atmosphere. A similar phenomenon was probably at work during my rodent-foraging experiment, causing higher vapor density of odorants under wet conditions and making seeds easy for rodents to detect.
In another arena experiment (Vander Wall 1993) , I varied water content of bitterbrush seeds and permitted yellow pine chipmunks and deer mice to search for caches in dry sand. In a series of trials, I allowed 3 subjects of each rodent species to search for 10 caches containing hydrated seeds and 10 caches with air-dried seeds for 10 min (excluding nonsearch time). Both rodent species performed similarly. Subjects found 4 of 360 caches of air-dried seeds (about 1%) but 292 of 360 caches containing hydrated seeds (81%). Even small increases in seed water caused a dramatic increase in rodent-foraging success. These results suggest that there is a threshold in seed water content below which chipmunks and deer mice cannot detect buried seeds easily and that this threshold is slightly above the air-dried water content of the seeds.
Literature on the behavior of pesticides in soil suggests a mechanism that may apply to this increase in rodent-foraging success with increasing seed water content. Vapor density of dieldrin is very low when water content of the soil is below about 2% but increases dramatically as soil water content rises above 2.8% ( Fig. 1 ; ). Above about 3% soil water content, the vapor density levels off and is essentially constant from about 4% to 17% soil water content, when it is similar to the saturation concentration of dieldrin in air. calculated that 2.8% soil water was equivalent to a monomolecular layer of water on soil particles. The monomolecular layer of water appeared to act as a threshold at which vapor density of dieldrin increased dramatically. In air-dried soil (1.6% water), vapor density of dieldrin (at 100 ppm and 40ЊC) was 1.8 ng/liter. Above the threshold, at the same concentration and temperature, vapor density was about 710 ng/liter, nearly a 400-fold increase. For the pesticide trifluralin, Spencer and Cliath (1974) found a 3,000-to 5,000-fold increase in vapor density between airdried soil and soil containing 19% water, with most of this increase occurring at a distinct threshold near 4% soil water content.
The effect of soil water on dieldrin volatility appears to be due to competition between water and dieldrin for adsorption sites on soil particles . At low soil moisture levels, nearly all dieldrin adsorbs onto soil particles, and dieldrin vapor density in the soil atmosphere is very low. As water content of the soil increases, water molecules adhere to soil particles until all available surface sites are occupied. At this point, water begins to displace the dieldrin, which volatilizes. The same process has been found to influence vapor densities of other pesticides (Deming 1963; Glotfelty et al. 1984; Cliath 1970, 1972; Taylor and Spencer 1990) , although it may require 2 or 3 layers of absorbed water to desorb trifluralin and lindane in some soil types (Ehlers et al. 1969; Harper et al. 1976) . When soil water approaches a monomolecular layer, most of the dieldrin desorbs from the soil, and dieldrin concentration in the soil atmosphere increases until it reaches equilibrium with dieldrin in the liquid phase. This phenomenon will occur with any molecule for which water can successfully compete for adsorption sites on soil particles , including organic molecules that leak from seeds.
The moisture-mediated volatilization of dieldrin and other pesticides is a reversible process. As the soil dries out to a level below a monomolecular layer of water, organic molecules absorb onto dry soil particles, with a concomitant decrease in vapor density (Glotfelty et al. 1984; . If the soil is rewetted, vapor densities increase to their previous high values (Harper et al. 1976; . In many environments, soil water rarely falls below a monomolecular layer because soil particles bind water very tightly. Consequently, soil moisture is expected to have a larger impact on rodent foraging in arid and semiarid habitats.
Loss of pesticides through volatilization is not chemically linked to water loss from soil . Igue et al. (1972) reported no water loss from moist soil when relative humidity was 100%, but dieldrin loss (volatilization from the surface) remained high. It is soil water content and not the loss of water from soil that influences the volatilization of dieldrin ) and other organic molecules. Having said this, the evaporation of water from the soil surface can still help carry pesticides in solution to the soil surface. This mass transfer of pesticides or other organic molecules is referred to as the ''wick effect'' (Harper et al. 1976; Hartley 1969; Cliath 1970, 1974; . Under certain conditions, water loss could accelerate lindane and dieldrin volatilization rate by wick evaporation as pesticides move to the soil surface in water to replace water that has evaporated. Wick evaporation is only important when soil is wet . The wick effect may be relevant to rodent foragers if evaporation of water off the soil surface acts to draw organic molecules (odorants) to the soil surface near buried seeds. The wick effect would supplement the effect of diffusion of odorants in the gas phase, and unlike diffusion, the movement of solutes due to the wick effect is directional (i.e., toward the soil surface). The degree of odor enhancement by the wick effect should be related to water evaporation rate from wet soil, which suggests that odors might be strongest when the soil is moist and drying rapidly because of low relative humidity.
Relative humidity.-Relative humidity influences pesticide volatilization primarily through its effect on soil drying rate (Gray and Weierich 1965; Igue et al. 1972) . At low relative humidities, soils dry quickly, and as soil moisture falls below a monomolecular layer of water on soil particles, vapor densities of pesticides will decline rapidly to near zero .
Daily changes in relative humidity can also influence pesticide volatilization rates. At night, evaporative demand from the ground surface subsides. If the soil is relatively dry but the air increases to 100% relative humidity at night (i.e., the air temperature falls to the dew point), upper layers of the soil will absorb moisture from the air (i.e., dew forms). In addition, some moisture is likely to reach the upper layers of the soil from below by capillary rewetting (Harper et al. 1976) or hydraulic lift (Caldwell et al. 1998) . If this occurs to a sufficient degree, increased water in the upper layers of the soil can cause the desorption of pesticides from soil particles, resulting in a concomitant increase in pesticide volatility (Glotfelty et al. 1984; Harper et al. 1976; Harris and Lichtenstein 1961; Spencer and Cliath 1974) . This is most likely to occur during the night, until dawn. Soon after sunrise, temperature rises, evaporative demand increases, relative humidity falls, soil dries again, and volatility of pesticides falls sharply (Harper et al. 1976 ). Consequently, under appropriate weather conditions, vapor density of pesticides at the soil surface will oscillate in a predictable pattern on a daily cycle in response to changes in relative humidity.
Foraging rodents are likely to benefit from a similar effect of relative humidity on the volatility of odorant molecules. In arid climates, buried seeds in dry soils are likely to release few detectable odorants during the day, but odorants might increase after sunset and especially just before dawn. Many nocturnal rodents exhibit a predawn peak in foraging (Reichman and Price 1993) , and 1 reason for this foraging bout may be to exploit this favorable foraging environment. Diurnal rodents may also benefit from this effect by foraging for buried seeds early in the morning.
Temperature.-Temperature influences volatilization and diffusion coefficients of organic pesticides primarily through its effect on vapor pressure (Ehlers et al. 1969; . Greater input of solar energy into the soil causes high vapor densities. The vapor density of many pesticides increases by a factor of 2-5 times for each 10ЊC increase in temperature (Ehlers et al. 1969; Farmer et al. 1972; Guenzi and Beard 1970; Harris and Lichtenstein 1961; Spencer and Cliath 1974; ). For example, vapor density of dieldrin in Gila loam soil at 10% water content increased by a factor of about 3.4 for a 10ЊC change in temperature ( Fig. 1 ; .
These data suggest that temperature may affect foraging success of rodents by increasing vapor density of odorants. However, it is important to note that temperature has a large effect on vapor density only if the soil is moist (i.e., already above the threshold soil moisture that makes seeds conspicuous -Deming 1963; Gray and Weierich 1965) . When soil is dry (Fig. 1) , effect of temperature is so small that it may not significantly affect foraging success. Despite these considerations, soil temperature may play a role in foraging success in 3 ways. First, warm temperatures could make seeds buried in moist soil even more conspicuous. For example, Harper et al. (1976) showed a 2-and 3-fold increase in trifluralin and lindane concentration, respectively, in the field as soil temperature increased during the day relative to the concentration during the night. Perhaps warmer daytime temperatures give diurnal foragers a slight advantage over nocturnal foragers when foraging for buried seeds. To some extent, daily fluctuations in temperature might counteract the effects of daily changes in relative humidity. Also, high temperature may increase the movement of odorants to the soil surface through its effect on mass flow in water evaporating from the soil surface. However, high temperatures could increase evaporation rates, resulting in soils drying out more rapidly , shortening the period of time during which buried seeds can be detected using olfaction. Perhaps most importantly, very low temperatures may make buried seeds less conspicuous even under wet conditions. This hypothesis has never been addressed in the field, but it is possible that at higher latitudes, winter temperatures (i.e., near or below freezing) may create conditions in which vapor densities are sufficiently low to make seeds and nuts difficult to detect by olfaction. This situation could affect squirrels (Sciurus), for example, which retrieve scatter-hoarded nuts throughout the winter and often forage for buried nuts in frozen ground, sometimes under snow.
Wind.-Air flow over moist soil (wind) increases vapor flux or volatilization of dieldrin Glotfelty et al. 1984; Igue et al. 1972 ) and other pesticides. Presumably, the same happens to odorants from seeds buried in moist soil. The effect of wind on detection of seed odorants is complicated. Although wind probably acts to increase the volatilization of odorants from the soil, it also disperses these odorants. Even though volatilization of dieldrin, for example, increased as airflow rate over the soil increased, vapor density of dieldrin at the soil surface decreased . This suggests that, despite the increased volatilization of organic molecules from moist soil under windy conditions, the concentration of these molecules at the soil surface is likely to be reduced. Another important effect of wind is that it dries out the soil more rapidly, causing soil moisture to fall below the threshold value at which odorants adsorb onto soil particles. Therefore, wind following a precipitation event would probably make seeds somewhat more difficult to detect and would shorten the time when seeds are apparent.
Soil characteristics.-Soils of different composition could influence the amount or type of odorant molecules that are released. Soils with smaller particle sizes (e.g., clays) have greater total surface areas and smaller pore spaces than soils with large particle sizes (e.g., sands- Guenzi and Beard 1970) . Because of the greater surface area, clays have a greater moisture-holding capacity. Sandy soils lose moisture more rapidly than loam or clay soils under similar conditions. That is, after a period of wetting, sandy soils are likely to dry more quickly than loam or clay soils, making buried seeds conspicuous for a shorter period of time. Volatilization rates of dichlorodiphenyltrichloroethane (DDT) and lindane are inversely proportional to surface areas of 4 soil types, but time to drying to a constant weight is directly proportional to surface area. Thus, under similar conditions, it takes clay soils more drying time than sandy soils to reach the monomolecular layer of water below which volatilization rates of odorants fall and seed odors become inconspicuous (Guenzi and Beard 1970; Parochetti and Warren 1966) .
Organic matter in the soil acts to decrease vapor densities of pesticides (Adams and Li 1971; Bardsley et al. 1967; Glotfelty et al. 1984; Porter and Beard 1968; Cliath 1970, 1974) . Soil organic matter acts to increase adsorption and decrease volatility of weakly polar pesticides like dieldrin. Losses of pesticides (e.g., EPTC, aldrin, CDAA, IPC, CIPC, DDT, and lindane) from soils decrease with increasing content of organic matter in soils (Deming 1963; Fang et al. 1961; Guenzi and Beard 1970; Harris and Lichtenstein 1961; Lichtenstein and Schulz 1960; Parochetti and Warren 1966) . Adams and Li (1971) found that soil organic matter explained 89% of the variation in lindane loss from soils. It appeared that organic matter binds the pesticide and reduces loss by reducing volatility.
This might mean that soils with high levels of organic matter (including partially decomposed plant litter or charcoal from a fire) have a lower flux of odorant molecules when moistened than do mineral soils under comparable conditions. Seeds buried in desert soils, which usually have low organicmatter content, may be relatively more conspicuous to rodent foragers than similar seeds buried in grassland or forest soils high in organic matter. Further, seeds buried in soils of recently burned areas may be more difficult for rodents to detect using olfaction (Briggs and Vander Wall, in litt.). It is also possible that moistened plant litter releases odors that serve to mask the odors of seeds buried in those soils.
Soils with low bulk density, that is, friable, uncompacted soils, permit unrestricted movement of organic pesticides and probably organic odorants. The rate of diffusion of pesticides in soil decreases linearly with increasing bulk density of soil (Ehlers et al. 1969; Farmer et al. 1973) . Ehlers et al. (1969) estimated that the diffusion coefficient of lindane in a silt loam soil decreased to zero at a soil bulk density of 2.6 kg/liter. This is the point at which pore spaces in the soil disappear.
Burial depth.-Burial of pesticides reduces vapor losses from the soil surface. Parochetti and Warren (1966) sprayed pesticides (known in the trade as IPC and CIPC) on 2 soil types and then covered them to a depth of 3-6 mm with untreated soil. The soil and soil coverings were moistened to field capacity. The soil covering reduced vapor losses from the soil surface, especially for CIPC. Losses of IPC were 2 and 4 times higher from uncovered fine sand and silt loam, respectively, than from the covered soils. Losses of CIPC were 9 and 16 times higher from sand and silt loam, respectively. Bardsley et al. (1968) , Gray and Weierich (1965) , and Spencer and Cliath (1974) obtained similar results. Vapor density at the soil surface is likely to be inversely proportional to burial depth, although the form of the relationship has not been determined. These results are relevant to studies of rodent foraging because the seeds for which rodents forage are often buried (by other animals or abiotically) in soil. As with pesticides, a soil layer probably attenuates the olfactory signal (i.e., odorant concentration at the soil surface). The degree of attenuation depends on soil characteristics (because silt loam attenuates more than sand) and probably on odorant type.
IMPLICATIONS FOR RODENT FORAGING
If the behavior of pesticides in soil is any measure of how odorant molecules from seeds behave, then we can conclude that the olfactory signal emanating from buried seeds varies, often dramatically, with environmental conditions. The most important source of this variation appears to be soil moisture level, but relative humidity, air temperature, soil composition, soil compaction, and burial depth all appear to play a role. Some of these factors influence olfactory signals in space (e.g., soil characteristics), whereas others influence olfactory signals over time (i.e., changes in the weather). This environmental variability provides an opportunity for granivorous rodents to exploit ecological conditions as they scatter hoard or search for buried seeds.
There is very little evidence that rodents use spatial variation in olfactory strength to protect scatter-hoarded seeds from pilferers, but the potential appears to exist for them to do so. For example, in desert areas, where soil organic matter is patchily distributed (high under shrubs and low else- FIG. 2.-A model of rodent foraging as a function of soil moisture content. When soil moisture is low (on left in graph), seed odorant vapor density is also very low, forcing rodents to forage for seeds on the soil surface or rely on spatial memory to find cached seeds. After rainfall, when soil moisture increases above a monomolecular layer of water on soil particles (to right), the vapor density of seed odorants increases sharply. Buried seeds become relatively easy to detect using olfaction, and spatial memory may play a secondary role.
where), rodents could preferentially bury seeds in microsites high in organic matter because vapor density of odorants in these soils might be reduced. Odors emanating from moistened organic matter might also serve to mask the smell of seeds. Seeds cached under shrubs would be less vulnerable to pilferers than those cached in the open. In a similar fashion, rodents in a heterogeneous environment could exploit soil conditions (e.g., coarseness, chemical composition, and drainage characteristics) that act to reduce the strength or duration of olfactory signals. For example, yellow pine chipmunks cached more seeds in ash substrates than in sand substrates in laboratory experiments (Briggs and Vander Wall, in litt.) . Naive subjects found significantly fewer seed caches in the ash substrate, suggesting that the use of ash substrate for caching could potentially reduce pilferage of caches.
Temporal changes in strength of olfactory signals are also expected to influence the ways in which rodents scatter hoard and search for scatter-hoarded seeds. When conditions are dry, odorant vapor densities in soils are very low, making detection of seeds by olfaction difficult (Fig. 2) . During these times, rodents might be expected to search for seeds on or beneath productive plants. Rodents are known to use spatial memory to locate caches (Jacobs 1992; Jacobs and Liman 1991; Vander Wall 1991 , 2000 and may depend on memory while foraging for stored seeds at this time, probably supplemented with olfaction at close range (Reichman and Oberstein 1977; Vander Wall 1991) . Daily fluctuations in relative humidity and soil temperature might make olfaction more effective at some times than at others, but most of the time the olfactory signal from buried seeds would be very weak. After rain, the olfactory environment would change dramatically (Fig. 2) . As soil moisture increased, so that there was more than a monomolecular layer of water on soil particles, vapor densities of odorants in the soil would increase sharply. Buried seeds would become relatively conspicuous. Experiments have shown that pilferage of caches increases after rain (Vander Wall 1998 , 2000 . Memory of cache sites, although still important, appears to play a secondary role in locating caches when the soil is moist (Vander Wall 2000) . Days or weeks after a rain event, the soil dries to below a monomolecular layer of water, causing the vapor density of odorants to fall to low levels, once again making olfaction a less-effective foraging mechanism. During the dry season in an arid environment, conditions may alternate between dry and moist with changes in the weather, causing rodents to switch from memory-based foraging to olfactory-based foraging as conditions permit. As a consequence of the effects of soil water on odorant vapor densities, changes in the weather can cause fundamental changes in the ways in which animals compete for buried seeds. These changes can have important impli-cations for the evolution of hoarding behavior (Vander Wall and Jenkins, in press) .
A similar phenomenon could occur in moist climates with a cold season. Pilferage of caches may be common during the moist, warm season because vapor densities of odorants in soil would be high. In winter, however, as temperatures fall below 0ЊC, the ground freezes, and several inches of snow accumulate, odorant vapor densities may fall to a level that makes it difficult for rodents like squirrels to find buried nuts. It is possible that during winter, squirrels rely more heavily on spatial memory than olfaction to find cached nuts. Additionally, pilferage of nuts may become less frequent.
Because of the link between environmental conditions and odorant vapor densities, climate and ecosystem characteristics could influence the strength of olfactory signals. If this is true, I predict that rodents adapted for desert conditions would face a more difficult olfactory challenge when foraging for buried seeds than rodents adapted to more mesic environments. These challenging conditions would place strong selective pressures on rodents in desert areas to evolve a more acute olfactory sense. For example, kangaroo rats (Dipodomys), granivorous rodents adapted to arid habitats, are likely to have a more highly developed sense of smell for buried seeds than a deer mouse or a chipmunk, which are adapted to more mesic environments. Laboratory and field experiments have confirmed these predictions (Johnson and Jorgensen 1981; Reichman and Oberstein 1977; Vander Wall et al. 2003 ), but our understanding of olfactory specialization among species and across habitats is still poor. Future research should focus on how the olfactory sense of different species is adapted to their environment and how they use olfaction to compete for limited seed resources buried in soil.
It is also possible that granivorous rodents have acted as strong selective agents on the odorants of seeds. If it is advantageous for buried seeds to avoid detection by rodents, then seeds that release compounds that readily volatilize when moistened (i.e., strong-smelling seeds) may have been selected against, resulting in seeds that emit relatively weak odors even when wet. If leakage of organic constituents during imbibition of water is an important source of odorants, then some seeds may have evolved means of reducing or preventing imbibition until just before germination. For example, some seeds have indurate seed coats that must be scarified before germination can occur (Harper 1977) . Before scarification, the seed coat is almost impermeable to water. The traditional explanation for indurate seed coats is that they enforce dormancy until the seed has been dispersed and buried, but they might also be an antipredator adaptation, making buried seeds more difficult to detect.
This article has dealt with rodents foraging for seeds buried in soil, but the environmental conditions that favor the detection of seeds also favor olfactory communication and detection of the odor of prey or predators. Future studies should attempt to discern how climate and environmental variables influence the strength or persistence of chemical signals. Given the potential effects of the environment on odorant vapor density, those conducting experiments involving olfaction should pay close attention to the weather.
